ABSTRACT Pitfall traps were used in 1995 and 1996 to sample epedaphic (i.e., dwelling at the soil surface) springtails (Collembola) from four cropping systems in southern Wisconsin. Cropping systems ranged from low-to high-management intensity based on tillage and chemical inputs. The abundance of individuals per species and species diversity were analyzed and the results were used to compare the impact of each cropping system on springtails. We hypothesized that the low-input cropping system (i.e., pasture) would enhance springtail abundance and diversity, whereas high-input cropping systems (e.g., continuous corn) would negatively impact springtails. Although some data supported our initial hypothesis, other cases showed that the low-input pasture system did not favor springtail abundance and diversity, nor did agronomic disturbance necessarily affect these parameters negatively. This suggests that factors other than cropping system can inßuence springtail populations. Abiotic factors including soil moisture and temperature and biotic factors such as springtail community structure need to be assessed before deÞnitive conclusions can be drawn regarding the inßuence of agricultural inputs on springtail populations.
THE SOIL ECOSYSTEM is partially regulated by the trophic interactions of soil invertebrates, fungi, and microbes. These organisms catalyze organic matter decomposition and, subsequently, nutrient cycling (Crossley et al. 1989, Stork and Eggleton 1992) . Thus, important soil processes may be enhanced by conserving the biological diversity and trophic integrity of soil ecosystems (Stork and Eggleton 1992, Filser et al. 1995) . Understanding the inßuence of agriculture on the abundance and diversity of soil fauna in agro-ecosystems is important in developing ecologically and economically sound farming practices. To this end, the effects of physical and chemical inputs on the soil community, and ultimately soil processes, need to be determined.
Soil springtails (Hexapoda: Parainsecta: Collembola) can increase rates of decomposition through fungivory and detritivory (Hopkin 1997) . Springtails have also been shown to display species-speciÞc responses to different levels of anthropogenic disturbance. Sabatini et al. (1997) found that dominant springtail species changed with various levels of tillage. The diversity of Collembola species has been found to decrease with increasing soil acidity resulting from fertilization and liming in spruce and oak-beech forests (Geissen et al. 1997) . Pesticides have been found to negatively affect the abundance of some Collembola species in England (Frampton 1997) . Their sensitivity to various crop management practices suggests the use of springtails as biological indicators of disturbance.
This article reports the effect that different cropping systems, managed under various intensities, had on epedaphic springtail abundance (i.e., number of individuals/species) and diversity (i.e., number of species) at two sites in southern Wisconsin. We hypothesized that the level and frequency of soil disturbance (e.g., pesticides, fertilization, tillage) in different cropping systems would inßuence the abundance and diversity of springtails. SpeciÞcally, we anticipated that cropping systems characterized by highenergy inputs (i.e., continuous corn) would support fewer kinds and perhaps fewer numbers of springtails, while low-input systems (i.e., pasture) would support a greater diversity and abundance of springtails (see Filser et al. 1995 , Heisler and Kaiser 1995 , Frampton 1997 , Geissen et al. 1997 , Sabatini et al. 1997 , Schrader and Lingnau 1997 .
Agricultural Complex (LAC) (42Њ 40Ј N, 88Њ 32Ј W) in central Walworth County. The Arlington site had been in an alfalfa-alfalfa-corn rotation with heavy manure inputs before 1988, whereas the eastern twothirds of the Lakeland site had been in corn and the western third was in alfalfa and grass in 1988. Arlington soil was characterized as well-drained Plano silt-loam covering 100% of the experimental site. Lakeland soil was classiÞed as somewhat poorly drained Griswold mottled subsoil (63%), poorly drained Pella (32%) and well-drained Griswold (5%). The surface horizon at both sites consisted of silt-loam, rich in organic matter (Wisconsin Integrated Cropping Systems Trial Committee 1989 .
Corn was grown at both sites in 1989, followed in 1990 by the establishment of a cropping system rotation trial (i.e., Wisconsin Integrated Cropping Systems Trial) in a completely randomized block design at each site. Plot dimensions were 3,066 m 2 (60 by 550 feet) at ARS and 3,345 m 2 (120 by 300 feet) at LAC. Four treatments from four different cropping systems were sampled (as described below). Table 1 provides an abbreviated list of treatment inputs at each site during 1995Ð1996; the Wisconsin Integrated Cropping Systems Trial Committee (1995, 1996) Þfth and sixth reports provide a detailed list of inputs for all treatments. Treatment 1 consisted of a nonrotation crop, continuous corn, characterized by high chemical (i.e., inorganic fertilizer and pesticide) and physical (i.e., tillage) inputs. This cropping system is not atypical of many cash-grain farming situations in the midwestern United States. Treatment 2 (corn) was incorporated into a 3-yr rotation with soybean, winter wheat and red clover ("frost-seeded"). Treatment 3 (corn) was grown in a 3-yr rotation with alfalfa and oats companion seeded with alfalfa. Treatments 2 and 3 had fewer purchased inputs than treatment 1. SpeciÞcally, treatments 2 and 3 were characterized by little or no pesticide inputs. However, tillage occurred frequently and inorganic fertilizer was excluded from both treatments, while manure was applied only to treatment 3. The third rotation series for treatments 2 and 3 began in 1996. In addition to manure spread during plot establishment, the only input into treatment 4 (continuous pasture) was manure provided by grazing dairy cows. In years through 1995, each pasture plot contained two or three dairy heifers placed within temporary fences that were moved twice weekly to provide fresh forage. In 1996, in an effort to improve management, grazing cattle were rotated as a single group among all pasture plots at each site every 7Ð15 d (Riesterer et al. 1996) .
Pitfall traps were used during the summers of 1995 and 1996 to sample epedaphic springtails in the four treatments listed above from two blocks at both ARS and LAC. Except where indicated, two pitfall traps were placed into each plot, resulting in a randomized complete block design with subsampling. Thus, each sample set consisted of 16 subsamples (4 treatments ϫ 2 blocks ϫ 2 traps) collected from a given site. To minimize possible edge effects, one trap was placed within each of two rows per plot, located Ϸ37 m inward from the front edge of the plot. For corn treatments 1, 2 and 3, the 14th rows inward from each lengthwise plot side contained traps. Because pasture plots werenÕt maintained in rows, traps in pasture treatment 4 were placed at inward distances comparable to those in corn plots.
Pitfall traps were constructed of two 16-ounce plastic beverage cups stacked together and buried in the soil to the lip of the inner cup (Morrill 1975) . Eight ounces of 3:1 propylene glycol:water solution were placed into each trap 1 wk before collection. A rain shield was placed over each trap to prevent the traps from ßooding during storms (Morrill 1975) . Sampling was conducted biweekly and alternated between sites each week.
In 1995, four sample sets, representing four collection weeks, were processed: 19 Ð26 July (ARS), 26 JulyÐ2 August (LAC), 18 Ð25 August (ARS), and 25 AugustÐ1 September (LAC). In 1996, four sample sets were again processed: 20 Ð27 June (ARS), 8 Ð15 July (LAC), 19 Ð26 August (LAC), and 26 AugustÐ3 September (ARS). Treatment 4 was not sampled 19 Ð26 August 1996 (LAC) because the pasture plot in block 1 was plowed under and reseeded 22 August and the pasture plot in block 2 was being grazed that week. Treatment 4, block 2 received four traps instead of two 20 Ð27 June 1996 (ARS) and 26 AugustÐ3 September 1996 (ARS) to avoid potential trap damage by grazing cattle in block 1. One trap from treatment 1, block 1, was eliminated from the analysis 19 Ð26 August 1996 (LAC) because it was destroyed by an unidentiÞed animal.
At the time of sampling, contents of the pitfall traps were transferred to jars and returned to the laboratory. Specimens from the samples were washed with 70% ethanol to remove debris and separated into major taxonomic groups, based initially on order-, class-, and some family-level identiÞcations. Springtails were separated further and preliminary identiÞcations to genus and species were based on Christiansen and Bellinger (1998) Analysis. Data were analyzed three ways using two statistical models provided by SAS to test for treatment effects on springtail populations. First, analysis of variance (ANOVA) was used to determine whether treatments signiÞcantly affected both the abundance and diversity of springtails. Species diversity was measured using both Shannon-Wiener and Simpson-Yule diversity indices (see Southwood 1978) . Also, repeated measures analysis was used to examine the effect of time (i.e., season) on springtail abundance within the treatments. Years and sites were analyzed independently using a 10% type 1 error rate for signiÞcance in hypothesis testing.
To avoid violating the assumption of normality, ANOVA for springtail abundance and repeated measures analysis were performed only on those species that were present in at least 30% of the samples (i.e., not all species collected in pitfall traps were analyzed). Given the high variability observed for actual counts both within and among treatments, log 10 [nϩ1] transformations of the original count data were performed, which stabilized the variance for these two analyses. ANOVA was also used to test treatment effects on species diversity represented by Shannon-Weiner and Simpson-Yule index data. For each sample set, a nested ANOVA was performed on the abundance of individuals from each species to identify any species-speciÞc response to the treatment main effect (see Snedecor and Cochran 1980) . We tested treatment effects using the experimental error term (i.e., variation between plots of one treatment). However, in cases where the experimental error was artiÞcially smaller than the sampling error (i.e., variation between pitfall traps within plots), the latter source of error was used for hypothesis testing. Consequently, the degrees of freedom in the error term are increased in these cases. ANOVA was also used to test whether treatments signiÞcantly affected the diversity data generated from both the ShannonWiener and Simpson-Yule indices. A Fisher protected least signiÞcant difference (LSD) test was performed on the treatment means to determine which treatments most inßuenced the abundance and diversity of springtails (see Snedecor and Cochran 1980) . Repeated measures analysis was performed on the abundance of individuals from selected species to determine how the inßuence of treatment changed over time. Repeated measures analysis is a two-factor procedure that centers on the time main effect and the treatment-by-time interaction (Littell et al. 1996) . Treatment main effects were also analyzed using this procedure, but are not considered relevant. All data were grouped by site and year for comparison, resulting in the following pairs of sample sets: 19 Ð26 July 1995 (ARS) and 18 Ð25 August 1995 (ARS); 26 JulyÐ2 August 1995 (LAC) and 25 AugustÐ1 September 1995 (LAC); 20 Ð27 June 1996 (ARS), and 26 AugustÐ3 September 1996 (ARS); 8 Ð15 July 1996 (LAC), and 19 Ð26 August 1996 (LAC).
Results
Ten species of Collembola were collected in pitfall traps at both sites (Table 2) . Tables 3, 4 , and 5 summarize the main results of each statistical analysis. Fig. 1 depicts the rank abundance of individuals (log 10 [nϩ1] transformed) from each species in order of most to least abundant in 1995 and 1996, respectively. This ranking sums each species across all treatments, sites, and dates within a year to forge a clearer picture of species dominance (see Van Straalen 1997) .
ANOVA for Abundance Data. ANOVA determined a signiÞcant treatment effect on the abundance of springtails for several species in the WICST plots (Table 3) . Of these species, Isotoma delta Folsom (Isotomidae), Lepidocyrtus paradoxus Uzel (Entomobryidae), L. cinereus Folsom (Entomobryidae), and Entomobrya purpurascens (Packard) (Entomobryidae) showed the greatest response to treatment. Additionally, total springtail abundance was signiÞcantly inßuenced by treatments 26 JulyÐ2 August 1995 (LAC) (P ϭ 0.0414), 18 Ð25 August 1995 (ARS) (P ϭ 0.0427), and 8 Ð15 July 1996 (LAC) (P ϭ 0.0571) (Table 3). These sample dates also show that treatment 4 (pasture) had a greater abundance of springtails than treatment 1 (continuous corn) and occasionally the other corn treatments as well (Fisher LSD test, P Ͻ 0.10) ( Table 3) .
Bourletiella hortensis (Fitch) (Sminthuridae) numbers increased by three orders of magnitude from 1995 to 1996 (Fig. 1) . Although the response of B. hortensis to treatment effects was not signiÞcant 25 AugustÐ1 September 1995 (LAC) (P ϭ 0.1201), the pasture treatment supported a higher mean abundance of this species than all three corn treatments (Fisher LSD test, P Ͻ 0.10) ( Table 3) . Although B. hortensis was present only in the pasture treatment 18 Ð25 August 1995 (ARS) ( Table 3) , suggesting a signiÞcant increase in the low-input cropping system, ANOVA was not a reliable test for signiÞcance because the data were not normally distributed. Bourletiella hortensis did signiÞcantly respond to treatment effects 8 Ð15 July 1996 (LAC) (P ϭ 0.0919), with mean abundance higher in treatments 3 and 4 compared with treatment 1 (Fisher LSD test, P Ͻ 0.10) ( Table 3) . A signiÞcant treatment effect was also measured for B. hortensis 26 AugustÐ3 September 1996 (ARS) (P ϭ 0.0447), with pasture having a greater mean abundance than continuous corn (Fisher LSD test, P Ͻ 0.10) ( Table 3) .
Xenylla grisea Axelson (Hypogastruridae) was most abundant in the pasture system 20 Ð27 June 1996 (ARS), 8 Ð15 July 1996 (LAC), and 26 AugustÐ3 September 1996 (ARS) ( Table 3) . Interestingly, X. grisea was essentially absent in 1995 and was not abundant in the three corn treatments in 1996, resulting in nonnormal data. Therefore, ANOVA could not be used reliably to determine signiÞcant treatment effects for this species. ANOVA for Diversity Data. The results presented in Table 4 show that species diversity was only occasionally affected by different treatments. SigniÞcant differences in species diversity among treatments were found 19 Ð26 July 1995 (ARS) for both the Shannon-Weiner index (P ϭ 0.0379) and the Simpson- Means are presented for each treatment with positive standard errors enclosed in parentheses. Means followed by the same letter are not signiÞcantly different (FisherÕs protected LSD, P Ͻ 0.10). ANOVA results: *, P Ͻ 0.10; **, P Ͻ 0.05; ***, P Ͻ 0.01.
Yule index (P ϭ 0.0273) ( Table 4 ). Both diversity indices show that springtail diversity in treatment 3 was greater than in treatments 1 and 2; in addition, the Simpson-Yule index shows that treatment 4 was more diverse than treatment 2 (Fisher LSD test, P Ͻ 0.10) ( Table 4) . A signiÞcant treatment effect was found 18 Ð25 August 1995 (ARS) based on the ShannonWeiner data (P ϭ 0.0415), whereas the Simpson-Yule data were not signiÞcant for the same samples (P ϭ 0.1046) ( Table 4 ). Both diversity indices show that springtail diversity was signiÞcantly greater in pasture than in corn treatments 1 and 2 (Fisher LSD, P Ͻ 0.10). Treatment effects were also found 19 Ð26 August 1996 (LAC) using Shannon-Wiener data (P ϭ 0.0708) and 26 AugustÐ3 September 1996 (ARS) for Simpson-Yule data (P ϭ 0.0072) ( Table 4) . Treatment 3 was more diverse than treatments 1 and 2 during 19 Ð26 August 1996 (LAC) based on Shannon-Weiner data (Fisher LSD test, P Ͻ 0.10) ( Table 4 ). Based on Simpson-Yule data, continuous corn and pasture were found to be more diverse than corn treatments 2 and 3 during 26 AugustÐ3 September 1996 (ARS) (Fisher LSD test, P Ͻ 0.10) ( Table 4) .
Repeated Measures Analysis of Abundance Data. The treatment-by-time interaction was signiÞcant for several species in 1995 (Table 5) . Like the results of ANOVA on springtail abundance, patterns observed in 1995 did not emerge in 1996. Changes in abundance over time were highly signiÞcant for most species, especially in 1996, when all species were affected by time (Table 5) . SigniÞcant treatment effects were occasionally found using repeated measures analysis (Table 5) . However, the treatment main effect by itself is not useful in this procedure because means generated from this statistic are based on the total abundance of each species combined over both weeks in a pair.
Discussion
In support of our initial hypothesis that low-input cropping systems favor a greater abundance of springtails than high-input cropping systems, pasture (treatment 4) supported signiÞcantly more springtails than continuous corn (treatment 1) in 13 of 21 cases in 1995 (Table 3 ). In contrast, corn treatments became more favorable to I. delta and L. paradoxus 25 AugustÐ1 September 1995 (LAC) ( Table 3 ). In general, pasture did not support larger numbers or kinds of springtails and treatment effects on springtail abundance were less apparent in 1996 (Table 3 ). The conßicting results between 1995 and 1996 indicate a strong change in either the biotic (species) or abiotic (environment) components of both sampling sites. For instance, extremely wet soils delayed planting at LAC until early July of 1996, reßecting the extraordinarily large amount of rain southern Wisconsin received that year. Hence, atypical weather in 1996 could explain differences observed in springtail abundance between both years.
Site comparisons were not analyzed statistically because the conditions at both sites were drastically different. However, ARS did support a greater array of species than LAC in both years (unpublished data), perhaps because high clay content (i.e., decreased porosity) and poor drainage of LAC soils (especially in 1996) led to a decline in springtail diversity. Kovác and Miklisová (1997) discuss the inßuence of soil type on springtail abundance and diversity.
One attribute of pitfall traps, which capture active to moderately active organisms at the soil surface, is that sampling efÞciency relies on the activity level of target organisms. Also, pitfall traps predominantly collect species occupying the litter and shallow soil layers. In an effort to increase the number of species encountered, decomposition bags and soil cores, which capture sessile or euedaphic (i.e., dwelling in lower soil horizons) species, were used in parallel studies during 1995Ð1996 (see Rebek et al. 2000 for a complete list of springtail species recovered using all three sampling techniques). However, extraction methods proved inefÞcient and too few springtails were recovered to generate useful data. The low number of species collected in pitfall traps may explain the general lack of signiÞcance in springtail diversity among treatments (Table 4) .
Although corn treatments 2 and 3 were subject to fewer chemical inputs than continuous corn treatment 1, results suggest the former were not often signiÞcantly different from the latter in terms of springtail abundance (Table 3) . Perhaps the corn crop Table  2 for an explanation of abbreviations used in all tables and Þgures.
itself was the single most inßuential parameter on springtails, affecting their populations in similar ways. More likely, however, cultivation and tillage, common practices in all three corn treatments, exhibit similar effects on soil microarthropods (House and Parmelee 1985 , Robertson et al. 1994 , Sabatini et al. 1997 .
The abundance and, to a lesser extent, species diversity of springtails were signiÞcantly higher in pasture than the corn treatments in many instances (Tables 3 and 4). However, this trend was not consistent, especially between sampling years. Perhaps the pasture treatment was subject to more disturbance than anticipated, particularly with regard to cattle grazing. Schrader and Lingnau (1997) observed that increasing soil compaction was followed by a decrease in springtail and mite populations. Soil compaction resulting from the trafÞc of grazing cattle could negatively affect Collembola populations in pasture plots. Although this form of disturbance should have the most impact on below-ground species (Schrader and Lingnau 1997) , perhaps surface-dwelling springtails were at least indirectly affected by soil compaction. For instance, eggs are laid throughout the soil (Sharma 1967 , Hopkin 1997 ) and increased soil compaction in pasture could lead to a rise in egg mortality, translating into fewer juveniles and adults.
The treatment-by-time interaction in repeated measures analysis tracked the change in mean abundance of each species among treatments over time. In other words, this term represents a change in the treatment effect between paired weeks. Comparing these results with those of ANOVA on abundance data (Table 3) , a signiÞcant treatment-by-time interaction could reßect three types of changes between paired weeks. First, the treatment effect may have been signiÞcant one week, but not the other. Alternatively, the treatment(s) with the highest mean abundance may have shifted between weeks. Finally, the magnitude of differences among treatments could have changed between weeks. In contrast, the time effect measured the change in the mean abundance of each species over time, without regard to treatment. This change in abundance could reßect a species-speciÞc, seasonal response.
Springtail populations changed over the course of both years, but results reßect a response to both perturbation from cropping systems (i.e., treatment-bytime interactions) and seasonality associated with dif- Mean index value is presented for each treatment, followed by the positive standard error in parentheses. Mean values followed by the same letter are not signiÞcantly different (FisherÕs protected LSD, P Ͻ 0.10). ANOVA results: *, P Ͻ 0.10; **, P Ͻ 0.05; ***, P Ͻ 0.01. ferent life-history traits among species (i.e., time effects) (Table 5 ). For example, a signiÞcant treatment-by-time interaction (P ϭ 0.0017) was found for L. cinereus between 19 Ð26 July and 18 Ð25 August 1995 at ARS (Table 5) , reßecting a decrease in abundance in continuous corn and increased abundance in pasture (unpublished data).
Isotoma delta, L. paradoxus, L. cinereus, and E. purpurascens were the most sensitive species to treatment effects ( Table 3 ). The life histories of these species are typical of surface-dwelling springtails. SpeciÞcally, there was a strong time effect on these species, at least in 1995 (Table 5) . Also, high fecundity and temperature-dependent development, hallmarks of epedaphic forms (Van Straalen 1997), enabled these species to proliferate during both years (Fig. 1) . As noted earlier, treatment effects signiÞcantly affected the abundance of these species in 1995; each species was signiÞcantly abundant in pasture plots, except at LAC 25 AugustÐ1 September (Table 3) . However, the potential use of these four species as bioindicators of soil health is questionable because 1996 results were less signiÞcant and often contradictory to our hypothesis.
Pseudosinella violenta (Folsom) (Entomobryidae) was signiÞcantly more abundant in pasture than the corn treatments 26 JulyÐ2 August 1995 (LAC) ( Table  3) , an expected result because this white, eyeless springtail commonly responds negatively to agitation (e.g., cultivation) (Davis and Harris 1936) . The prevalence of P. violenta under rocks, logs, rotting leaves and ant nests (Davis and Harris 1936) , and in caves (Christiansen 1960 ) lends further credence to its anthropophobic nature and elucidates its potential use as a bioindicator to soil disturbance. However, the abundance of P. violenta in continuous corn 26 AugustÐ3 September 1996 (ARS) ( Table 3 ) counters published observations on this species. At the time of sampling, perhaps P. violenta populations had enough time to recover from sprays, fertilizer, and cultivation in treatment 1, causing a late-season increase in its abundance. This scenario is possible if P. violenta numbers were also recovering in corn treatments 2 and 3 following cultivation. Due to geographical variation in morphological characteristics (Christiansen and Bellinger 1998), P. violenta may represent a complex of species that differ in tolerance to disturbance. Nevertheless, the low abundance of P. violenta in pasture and its prevalence in continuous corn 26 AugustÐ3 September 1996 (ARS) do not support our hypothesis.
The abundance of Proisotoma minuta (Tullberg) (Isotomidae) in pitfall traps increased dramatically 20 Ð27 June 1996 (ARS) ( Table 3) ; this is an interesting observation because in parallel studies this species was usually captured in large numbers below the soil surface using decomposition bags and soil cores (unpublished data). We postulate that P. minuta is a hemiedaphic (i.e., dwelling in upper-horizon soil layers and litter) species under normal conditions. Early in 1996, however, the density of P. minuta populations increased so dramatically, or it rained so heavily, that many individuals were displaced to the soil surface. As the summer progressed, warmer ambient temperatures created a vertical soil moisture gradient, which induced P. minuta to return to the lower soil horizons. We did not observe large numbers of P. minuta in 1995.
Bourletiella hortensis received the highest species abundance rank in 1996, whereas 1995 populations were not very abundant (Fig. 1) . Thus, not only did treatment and time affect its abundance at LAC in 1996 (Tables 3 and 5 ), but a disparity in B. hortensis numbers was also observed between years. These population dynamics weaken the choice of B. hortensis as a bioindicator. However, B. hortensis was a pioneer species following Þre outbreaks in German pine plantations (Tamm 1986) , which may explain its earlyseason dominance in 1996 following management practices. A late-season decline in B. hortensis abundance at both sites may be the result of stronger competition with other species. Although springtail abundance was often inßu-enced by treatment effects (Table 3) , all species recovered in pitfall traps were found in more than one treatment (i.e., no species was unique to a particular cropping system). Results of ANOVA performed on diversity index data suggest species diversity is not often favored in low-input cropping systems (Table  4) . These results indicate that species captured in pitfall traps exhibit varying degrees of tolerance to agronomic pressure. Island biogeography theory (MacArthur and Wilson 1967) may help elucidate this phenomenon. The species array at both research sites may represent only a fraction of the species that once occurred in southern Wisconsin before agriculture. Most species we recovered in pitfall traps (e.g., B. hortensis) are not endemic to the United States (Christiansen and Bellinger, 1998), which suggests several native Collembola species may have experienced diminished populations or even local extirpation following anthropogenic disturbance. These species could have been outcompeted or replaced by invasive or generalist species. Extant springtail species, therefore, may represent a group of species well adapted to intense crop management practices, exhibiting frequent increases in less disturbed cropping systems, but having the potential to persist in intensively managed habitats and respond rapidly to disturbance. Essentially, the entire region may represent a vast island to which intolerant or presettlement prairie or savannah endemic/dependent species that once occurred there have not immigrated in the short span of agriculture. Thus, the ubiquitous nature and apparent tolerance to disturbance exhibited by the present springtail fauna supercede our hypothesis that the diversity of springtails should be altered with changing physical and chemical inputs.
The potential use of springtail life-history patterns to gain knowledge of soil ecosystem "health" stems from the development of the nematode maturity index proposed by Bongers (1990) , though a comparable index has yet to be proposed for springtails (Van Straalen 1997) . Because within-season ßuctuations in springtail populations depend on the life-history strategies of species (Van Straalen 1997), classifying species based on life history characteristics could enable us to better understand these results and identify one or more species as biological indicators of soil disturbance. Unfortunately, only general ecological roles among soil Collembola are currently known, so establishment of species groups based on ecological function is a distant goal.
Considering that epedaphic springtails have great potential for dispersal (Hopkin 1997) , recolonization and succession likely play an important role in assessing soil disturbance. For example, B. hortensis was prevalent at both sites early in 1996 following tillage, fertilization and pesticide application, accompanied by a late-season population decline (Table 3) . Tamm (1986) noted that B. hortensis populations increased rapidly when vegetation reemerged in regions of a pine forest consumed by Þre. This pioneer species was, in turn, replaced by other colonial species. Because we had difÞculty determining valid biological indicators of soil disturbance, measuring the response of individual species to cropping system effects may not be a practical tactic. For instance, various sensitivities to tillage and fertilization were found among different Collembola species in Italy (Sabatini et al. 1997) . Frampton (1997) also acknowledged different responses to pesticide regimes among Collembola species. Recognizing the absence of deÞnite population trends for individual species, however, he recommended that communities or groups of species be used as biological indicators of disturbance. Undoubtedly, weather, soil moisture and temperature, resource availability, and predation also place constraints on Collembola populations, and many of these factors are difÞcult to separate from anthropogenic inßuences (Filser 1995) . Thus, the absence of population trends and the inability to separate environmental and community inßuences from cropping system effects seems to preclude the use of individual springtail species as bioindicators of disturbance. An alternative, well-rounded approach would be a community study incorporating the life histories of many different soil organisms.
Although we assumed that an entire plot is homogeneous, Collembola numbers were highly variable even between traps within plots, suggesting key resources and/or deterrents were not evenly distributed throughout the cropping systems. Usher (1969) found aggregated distributions frequently among 12 Collembola species collected in soil and litter from a forest of Scots pine in Scotland. Hopkin (1997) stresses two main reasons why springtails aggregate in soil ecosystems. First, Collembola may be attracted to ideal conditions such as moisture, food and pore spaces of a particular diameter. Alternatively, aggregation pheromones may attract large concentrations of springtails to speciÞc regions. For whatever reason, springtails were apparently aggregated and this tendency posed a statistical problem by increasing the between-trap variance within plots (i.e., sampling error), thereby decreasing the precision of the estimates of mean abundance. Perhaps more intensive sampling (i.e., increased number of traps, treatments and dates) would demonstrate clearer trends in the response of springtail populations to agronomic disturbance; however, the greater amount of material to collect and sort would be difÞcult. It is also possible that highly mobile, epedaphic springtails are not viable indicators of soil disturbance. Alternatively, more sessile, euedaphic species may hold greater potential as biological indicators.
This study offers a perspective on the inßuence of crop management on soil Collembola, extending beyond research on isolated inputs such as tillage (Sabatini et al. 1997, Schrader and Lingnau 1997) , fertilization (Filser 1995 , Geissen et al. 1997 ) and pesticides (Frampton 1997) . Rather, the focus here was on the effects of whole cropping systems, combining different crops, rotations, and inputs into four separate experiments. Although factors exhibiting the greatest effect on springtails were not isolated, it is hoped that this holistic strategy might be more pertinent to modern agricultural systems where several management practices are employed simultaneously. In this light, the type of cropping system can impact the abundance and diversity of springtails. However, it is impractical to predict outcomes without a priori knowledge of abiotic and biotic factors, including knowledge of the biology and ecology of individual species. Unfortunately, speciÞcs about the biology of individual Collembola species are largely unknown. A lack of baseline knowledge about presettlement grassland communities also detracts from our study. The role agricultural disturbance plays in the interaction between abiotic and biotic factors needs to be elucidated at the community level before sustainable management can be deÞned and implemented.
